This paper presents a vicarious radiometric calibration of the Korea Multi-Purpose Satellite-3A (KOMPSAT-3A) performed by the Korea Aerospace Research Institute (KARI) and the Pukyong National University Remote Sensing Group (PKNU RSG) in 2015.The primary stages of this study are summarized as follows: (1) A field campaign to determine radiometric calibrated target fields was undertaken in Mongolia and South Korea. Surface reflectance data obtained in the campaign were input to a radiative transfer code that predicted at-sensor radiance. Through this process, equations and parameters were derived for the KOMPSAT-3A sensor to enable the conversion of calibrated DN to physical units, such as at-sensor radiance or TOA reflectance. (2) To validate the absolute calibration coefficients for the KOMPSAT-3A sensor, we performed a radiometric validation with a comparison of KOMPSAT-3A and Landsat-8 TOA reflectance using one of the six PICS (Libya 4). Correlations between top-of-atmosphere (TOA) radiances and the spectral band responses of the KOMPSAT-3A sensors at the Zuunmod, Mongolia and Goheung, South Korea sites were significant for multispectral bands. The average difference in TOA reflectance between KOMPSAT-3A and Landsat-8 image over the Libya 4, Libya site in the red-green-blue (RGB) region was under 3%, whereas in the NIR band, the TOA reflectance of KOMPSAT-3A was lower than the that of Landsat-8 due to the difference in the band passes of two sensors. The KOMPSAT-3Aensor includes a band pass near 940 nm that can be strongly absorbed by water vapor and therefore displayed low reflectance. Toovercome this, we need to undertake a detailed analysis using rescale methods, such as the spectral bandwidth adjustment factor.
INTRODUCTION
KOrea Multi-Purpose SATellite (KOMPSAT)-2 and -3 were commissioned to satisfy the demand for high-resolution satellite images in Korea. On March 26, 2015, KOMPSAT-3A was launched successfully, and Calibration and Validation (Cal/Val) began recently to improve image quality during the Launch and Early Operation Phase (LEOP). Cal/Val is divided into three parts: geometric, radiometric, and spatial. In this paper, we report the results of the radiometric Cal/Val of the spectral application images. Since launching the KOMPSAT series, their imagery has been radiometric characterized by the Korea Aerospace Research Institute (KARI) and the Pukyong National University Remote Sensing Group (PKNU RSG) (Kim et al. 2015; Lee et al. 2012) . In this paper, post-launch in-flight calibration was conducted to promote the stable operation of KOMPSAT-3A during the LEOP. The study was comprised of three main stages: (1) A field campaign to determine radiometrically calibrated target fields was conducted in Mongolia and South Korea. Surface reflectance data obtained during the campaign were input into a radiative transfer code (RTC) to predict sensor radiance. From this, equations and parameters were derived for the KOMPSAT-3A sensor to enable conversion of calibrated DNs to physical units. (2) We assessed the calibration coefficients with radiometric validation by comparing KOMPSAT-3A and Landsat-8 TOA reflectance using a Pseudo Invariant Calibration Site (PICS). * Corresponding author :cuchoi@pknu.ac.kr
MEHTOD
In this study, absolute radiometric calibration of KOMPSAT-3A AEISS-A was initiated using a reflectance-based method. This method is widely used to individually evaluate the radiometric function of satellites (Naughton et al. 2011) . In May and June 2015, a field campaign was performed in Goheung, South Korea, and Zuunmod, Mongolia, to calculate the absolute calibration coefficient using a reflectance-based vicarious method, which was calculated from the field campaign results and cross-calibration ( To evaluate the absolute calibration coefficient using a vicarious approach for KOMPSAT-3A, it was cross-validated with the Landsat-8 OLI sensor and TOA reflectance using the Libya-4 PICS.
Field Campaign
The field campaign conducted in Zuunmod (lat 47.709°, lon 106.990°), Mongolia, satisfied all of the conditions and was easily accessible. However, it was difficult to find a site in Korea that satisfied all of the conditions. The field campaign site for the absolute calibration of the KOMPSAT series was established with KARI at the Goheung Aviation Center (lat 34.611°, lon 127.207°) in 2014. The Goheung Aviation Center is the site of a large-scale reclamation project and, except for the Goheung Aviation Center, the area is even and covered by agricultural land. While it could be affected by water vapor due to the nearby coast, the surface characteristics are even and mostly flat, which can minimize BRDF effects. The field campaign for the reflectancebased vicarious calibration was conducted three times at both Zuunmod and Goheung during the LEOP after launching KOMPSAT-3A. A reference target with a uniform 0.42~0.95-μm reflectance tarp was installed (Figure 1 and 2). 
Atmospheric Correction
The pathways and interactions that occur before and after solar radiance is reflected from the Earth-μm reflectance tarp was installed.talled.stics are even asensor (LS) can be described as equation (1): (1) where LT is total radiance from the target and LP is path radiance resulting from multiple scattering. Atmospheric correction is the process of minimizing or eliminating the contribution of path radiance (LP) from equation (1). Total radiance at the sensor (LS) can be estimated quantitatively from the RTC, which is used to quantitatively predict path radiance at a certain time and area to eliminate its impact (Jensen 2000) . Satellite overpass observations of site surface reflectance and atmospheric data are used as RTC input values to predict sensor radiance ( 
Cross Validation
This study cross-validated TOA reflectance with the Landsat-8 OLI sensor, a multispectral sensor with similar bandwidth, to evaluate the vicarious calibration coefficient of KOMPSAT-3A AEISS-A sensor radiometric quality. To minimize atmosphere and Sun illumination by zenith angle, images were acquired on the same date and at similar times (within 2~3 hr). The TOA reflectance at the sensor was used to reduce illumination differences among images and normalize for solar irradiance. Because atmospheric effects and surface topographic effects were not corrected, this included Earth surface reflectance and atmospheric reflectance (Cao et al. 2008) . When comparing the radiometric quality obtained from the other sensors, the cosine effect of the different solar zenith angles due to differences in the time taken to obtain materials was removed by using TOA reflectance instead of TOA radiance. Equation (2) was used to calculate the TOA reflectance (atmospheric effects and surface
where ρ is planetary reflectance, is spectral radiance at the sensor aperture of either KOMPSAT-3A or Landsat-8 (W/m 2 µm sr), is the band-dependent mean solar exoatmospheric irradiance (W/m 2 µm), is the solar zenith angle (radians), and is the Earth-Sun distance (AU).
RESULT AND DISSCUSSION

Radiometric Calibration
The reflection coefficient was based on the reference tarp used for the KOMPSAT-3A L1R image DN. TOA radiance was calculated with a regression analysis based on equation (3): (3) where is the predicted spectral radiance of each band at the sensor aperture using the RTC, gain and offset are the difference by band, sensor, and aperture (or time delay integration) setting (Ryan and Pagnutti 2009), The gain explains the sensitivity of the image DN to the radiance reaching the sensor and the spectral characteristics of the sensor (Belward and Valenzuela 1991) . We converted the reference tarp reflectance measurements into TOA radiance using the RTC and calculated the KOMPSAT-3A DN using a linear regression analysis. The absolute calibration using a vicarious approach for each spectral band and date gains of KOMPSAT-3A were calculated. Table 3 shows the results for the absolute coefficient using a vicarious approach for KOMPSAT-3A. Using the t-test, the absolute coefficient was < 0.05 in the linear regression. In addition, the correlation coefficient was > 0.99 for all bands. The band coefficients at Zuunmod and Goheung were similar for KOMPSAT-3. Table 3 . The absolute calibration coefficients each site
Cross Validation
The TOA reflectance of Landsat-8 and KOMPSAT-3A were compared for the calibration coefficient and the percentage difference was calculated using the Libya-4 PICS (Table 4) . From this, the blue and green bands were within 4%. In the red band, the TOA reflectance of KOMPSAT-3A and Landsat-8 differed by ~8%. However, in the NIR band, the average difference in TOA reflectance was 22% for the Libya site. This can be explained by the values in the band RSR of two sensors, which differed significantly from the NIR band and, unlike Landsat-8, the KOMPSAT-3A sensor reacted in a spectral region of 940 nm that is highly affected by water vapor absorption ( Figure 5 ). This explains the lower TOA reflectance of KOMPSAT-3A in the NIR band than that of Landsat-8 (Brooke 2012). 
CONCLUSION
In this study, with KARI and PKNU RSG, the relationship between the DN and sensor radiance was calculated using the radiometric calibration coefficient through absolute radiometric calibration of the KOMPSAT-3A sensor.
The KOMPSAT-3A sensor was radiometrically calibrated using a reflectance-based method and, when choosing the coefficient, the R 2 values of the fitted lines were ~0.99 for the multispectral bands and the correlation between TOA radiance and RSR by the KOMPSAT-3A sensor at the Zuunmod and Goheung sites were significant for the multispectral bands. The percentage difference between the two sets of coefficients at the Zuunmod and Goheung sites was within 1.5% for the blue, red, and NIR bands and ~3% for the green band. For the calibration coefficient assessment, measuring the TOA reflectance of Landsat-8 and KOMPSAT-3a were performed using Libya-4 PICS almost simultaneously. The difference was within 3% (percentage difference, 7%) for the blue, green, and red bands, while the NIR band had a difference within 10% (percentage difference, 22%). This likely resulted in the band RSR difference, as the difference between Landsat-8 and KOMPSAT-3A NIR band is due to the water vapor region in the NIR band. The absolute radiometric calibration method used in this paper provides basic data for maintaining the radiometric quality of KOMPSAT-3A without an onboard calibrator. Absolute calibrations using a vicarious approach and cross-calibrations will be important to further improve sensor monitoring.
